Nearly 100 yr after the first clinical description of Hirschsprung's disease (1) there is still little understanding of the etiology and pathogenesis. The basic defect is attributed variously to (a) intrinsic abnormalities of migrating NC cells (2), (b) muscular dysplasia of mesenteric vessels (3, 4); or (c) antenatal viral destruction of enteric neurons (5). In an embryological study of the piebald lethal mouse strain with aganglionosis of the distal colon, resembling Hirschsprung's disease, an apparent slowing of the proximo-distal sequence of the nonspecific esterase stain-
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ing of NC cells was noted (6) . It was surmised that aganglionosis had been caused by NC cell migration being out of phase with the longitudinal growth and differentiation of the developing gut. Studies with the lethal spotted mouse strain provided experimental evidence for the localization of the effect of the Is gene in the distal gut (7) . We investigated whether mere temporal factors in the distal gut hamper the NC cell colonization of the gut. An advanced stage of differentiation of the gut mesenchyme might inhibit the normal invasion of NC cells.
NC CELL MIGRATION TO DEVELOPING GUT
Little is known about NC cell migration in mammalian embryos, but it has been studied extensively in the chicken embryo (8) (9) (10) . When the vagal NC is deleted, the distal gut becomes aganglionic (I I). Studies with chick-quail chimeras demonstrated that most enteric neurons derive from the NC opposite somite 1-7 (8) . These NC cells use a pathway between the ectoderm and the somite to reach the region of the third branchial arch. They enter the developing gut at the level of the pharynx (1 2) .
At the axial level of early embryos, the normal process of NC cell migration can be affected by temporal factors (13, 14) . We studied the influence of temporal factors on the migration of NC cells at the peripheral level, in the embryonal postumbilical gut. IN 
VIVO CULTURES OF EMBRYONAL GUT
We used the nutritive properties of the CAM of the chicken embryo to culture segments of embryonal gut. In comparison with in vitro culture systems, CAM cultures have the advantage in that grafted embryonal tissues follow an almost normal course of differentiation (15) . CAM vessels anastomose with the developing vessels in the graft, resulting in normal vascularization. The grafting technique is reviewed in detail by Coulombre (1 6) .
The postumbilical gut of E4 embryos contains no NC cells (17) . We obtained aneuronal gut of different stages of development by culturing postumbilical gut of E4 embryos for different periods of time. When an isolated segment of embryonal gut is cultured on the CAM in combination with the NA (NA = neural tube + NC) of an E2 embryo, the segment is colonized and innervated in a physiological fashion (1 8).
Monoclonal antibodies have recently been introduced that stain (migrating) NC cells or enteric neurons selectively. Most NC cells express an epitope, which is recognized by antibodies produced by the HNK-1 hybridoma cell line (19) . At the vagal level of the NC, a subpopulation of premigratory NC cells can be stained selectively with antibodies directed against NF epitopes (20,2 1). We used HNK-1 epitopes for the identification of NC cells, while NF epitopes served as a marker for the neuronal subpopulation of NC cells in sections of cultured segments of embryonal gut.
MATERIALS AND METHODS

Animals and stages of development.
Eggs of white leghorn chickens (Gallus Domesticus) were incubated at 38" C in a forced draft incubator at a relative humidity of 80%. For young embryos, the stage of development was determined by the number of paired somites, while for older embryos we used the table of Hamburger and Hamilton (22) or the number of days of incubation.
Removal of organs and tissues for transplantation. The hindgut (the region between the cecal primordia and the cloaca) was dissected from embryos before its colonization by NC cells, i.e. at day 4 and 5 of incubation. The ganglion of Remak, which is formed at stage 24-25 (23) and is located in the dorsal mesentery, was removed from the explants (E5 embryos) by dissection using tungsten needles.
Segments of the vagal neural tube (somite 1-7) together with the NC, were isolated from 12-2 1 somite embryos (E2) by using microdissection with tungsten needles after 10 min of trypinization (porcine trypsin 0.25% diluted in PBS at room temperature).
Transplantation techniques. Segments of aneuronal gut were grafted alone or in combination with vagal NA onto the CAM of 7-day-old chick embryos after abrasion of the superficial CAM layer, at the bifurcation of two great vessels. The grafts were fixed in position with a piece of cellophane (Clingo wrap sterilized in 70% ethanol and dried in air). The egg was sealed with Scotch --tape and incubated for 1 wk.
Zmmunocytochemical techniques. Grafts were embedded in Tissue Tek I1 O.C.T. Compound (Miles) and snap-frozen in liquid nitrogen cooled isopentane. Frozen sections (10 pm) were mounted on slides coated with chrome alum, fixated in acetone for 5 min, and then dried in air. Other grafts were fixated in 4% formaldehyde in PBS, dehydrated, and embedded in paraffin. Sections (7 pm) were deparaffinized, hydrated, and used for immunocytochemical investigation or stained with HE.
Frozen sections were stained with three monoclonal antibodies raised against NF-triplet proteins. The 3G6 Ig-M antibody is specific for the 160kD and 200kD NF-protein (24), the 2Fll antibody (Sanbio) for the 70kD (24) and C90 for the 200kD. The antibody raised against the HNK-1 (Becton & Dickinson) antigen was used on both paraffin and frozen sections. Rabbitantimouse peroxidase conjugated immunoglobulins (Dako) were used in a dilution of 1:100. In order to reduce background staining, we added 2% chick serum to the conjugate. Peroxidase was visualized by 0.1 % 3,3'diamino benzidine. 4 HC1 (Serva) and 0.02% hydrogen peroxide. All rinsing and diluting was done in PBS (pH 7.4) with 0.1 % Tween 20.
RESULTS
Localization of HNK-I and NF epitopes in embryonal gut.
Postumbilical gut of E4 embryos does not show HNK-1 or NF immunoreactivity. The expression of the HNK-I antigen was first detected in the postumbilical gut of E6 embryos. No differentiated cell types were recognized at this stage in the mesenchyme of the gut. The stratified mucosal epithelium is surrounded by a mesenchyme that shows no regional specializations. The mesenchyme itself is enclosed within a simple cuboidal serosal epithelium. No nervous tissue was recognized histologically with HE staining.
3G6 immunoreactivity was first detected in postumbilical gut of E6 embryos. In the postumbilical segment of the gut of E7 embryos, the neurons of the myenteric and submucous plexus were identified with 3G6 anti-NF antibodies. Thus both the HNK-1 and the 3G6 anti-NF antibodies enabled detection of neuronal (precursor) cells at very early stages of development.
Staining of the C90 anti-NFantibody first appeared in postumbilical gut of E8 embryos, while the 2F11 anti-NF antibody only revealed nervous tissue in embryonal gut of advanced stages of differentiation, i.e. in El8 embryos.
Culture of dzfferentiated embryonal aneuronal gut. We grafted postumbilical segments of embryonal gut of E4 embryos onto the CAM of E7 embryos. After 1 wk CAM culture, the segment showed a stratified epithelium. The mesenchyme had differentiated into a circular, smooth muscle layer. The lumen of the gut was circular. No NF or HNK-1 immunoreactivity was revealed, demonstrating the absence of enteric neurons and NC cells. Similarly, the postcecal part of E5 embryos did not show immunoreactivity with HNK-1 or anti-NF antibodies after 7 days culture (see Fig. I ). In the gut segment between the umbilicus and the ceca of E5 embryos, however, NC cells were visualized with HNK-I immunoreactivity, while enteric neurons stained with the 3G6 NF-antibody (see Figs. 2, 3, and 7) . In a series of experiments in which subsequent levels of the postumbilical gut were cultured on the CAM, we did not observe any staining in the distal parts of the gut prior to staining in the proximal parts.
In order to obtain aneuronal gut of advanced stages of development, the CAM-cultured aneuronal gut was freed from the surrounding membranes and grafted anew to the CAM of an E7 embryo. By subsequent subculturing, we obtained aneuronal gut of 11 and 18 and 25 days of development (see Fig. 6 ). In comparison with normal in situ development, the histological picture of these cultured gut segments corresponded to age. In cultured segments of E4 + 14, the lumen had lost its circular appearance. The stratification of the epithelium had changed The longitudinal growth of the graft decreased with the repetition of grafting. ~t removal at ~4 , the postumbilical segment of gut measured 1 mm in length. After 7 days CAM culture, the I-mm aneuronal gut had elongated to 3-4 mm. For the second transplantation, this segment was divided into parts of 1 mm j each, which were subsequently grafted and cultured. After 7 days culture, these segments had elongated to 2-3 mm. These grafts were isolated and again divided into 1-mm segments and grafted to the CAM. At the time of removal, after 21 days of culturing, 4 these grafts measured approximately 1.5 mm. Fig. 4 ) and the cultures of E4 gut (see Fig. 5 ). NF immuno- with NA (see Figs. 7 to 9 ). Aneuronal gut of E4 + 7, E5 + 7, E4 + 14, and E5 + 14 was also invaded by NC cells (see Table 1 and Figs. 7 to 9 ). The observed NF immunoreactivity was localized at the sites of the myentenc and submucous plexus. (Fig. 1). into a single layered cuboidal epithelium. The mesenchyme had Fig. 7 . Frozen section of a coculture (7 days) of postumbilical gut (E4 differentiated into longitudinal and smooth muscle layers. Ap-embryo) and NA (E2 embryo) stained with C90 anti-NF antibody. Note parently, the grafting procedure had only minor effects on the the NF immunoreactivity at the sites of the myenteric and submucous normal course of differentiation (see Fig. 6 ).
Coculture of vagal neural
plexus. Magnification x40. Compare with Figure 5 . (12) transplanted radioactively labeled, neural tubes into progressively older recipients at the axial level. They found that migration of the implanted, labeled cells was restricted when the recipients were 9-12 h older with the NC cell migration already in progress. However, their conclusion was undermined by the damage inflicted during grafting, particularly in the case of older embryos. Bronner-Fraser & Cohen (14) circumvented this problem by injecting cultured NC cells directly into somites. They (14) also observed that the migration was limited depending on the developmental age. The difference between the axial and peripheral levels can be explained by the assumption that at the axial levels the fibronectin-and laminin-rich migratory pathways are destroyed in a period of 9-12 h and that the migratory pathways are preserved in the postumbilical segment of the gut. It might also well be that in the distal gut, NC cells use other glycoproteins as substrates for migration than at the axial levels (1 3).
In cocultures of NA and aneuronal gut at different stages of development, the myenteric and submucous ganglia are of a comparable size. The ganglia in the cocultures, however, are smaller than those in the gut of corresponding ages. We presume that this is due to a loss of NC cells on the CAM or to the absence of factors stimulating NC cell proliferation in the CAM-cultured isolated segments of embryonal gut.
In the coculture experiments, we combined aneuronal gut and NA, two tissues that normally do not confront one another. It remains to be studied whether NC cells from the region of the third branchial arch and innervated gut will also colonize "old" aneuronal gut in CAM cultures. The NA of E2 embryos might contain a subpopulation of NC cells capable of migration on diverse migratory substrates. NC cells from older NC cell suppliers might be more selective as to the migratory substrate.
Etiological factors in Hirschsprung's disease. It has been demonstrated that, at least at the axial level, there are no major differences between the migratory pathways in chicken or mouse embryos, related to either the fibronectin or laminin lining (25) . Furthermore, it is probable that NC cell migration in chicken embryos occurs in the same fashion as in mouse embryos, despite the fact that they use slightly different cell-adhesion molecules. For example, the HNK-1 epitope is not found on NC cells in mice (19) . Therefore, we believe the results of our experiments with chicken embryos apply to the hypothesis of the development of aganglionosis in mice (6) . As comparative research of the migratory pathways in man has not been reported to date, the relevance of our results to NC cell migration and the etiology of Hirschsprung's disease in man is entirely hypothetical.
The inaccessibility of differentiated distal parts of the gut for slowly migrating NC cells has been proposed as a causative factor of aganglionosis in the piebald lethal mouse (6) and for the aganglionosis in Hirschsprung's disease (26) . The results of our experiments, indicate that the gut, at advanced stages of development, can still be colonized by NC cells. Consequently, it is not feasible that the migration of NC cells being out of phase with the longitudinal growth and differentiation of the gut is an etiological factor in Hirschsprung's disease in mice or in man.
Other factors such as intrinsic abnormalities of NC cells and structural defects within the embryonal gut remain possible. Further research in those directions must elucidate which of these etiologies has validity for Hirschsprung's disease.
